ABSTRACT. No significant cytotoxic effect was observed in WKAH rat cells by the treatment of wortmannin, a radiation sensitizer, at concentrations lower than 30 µM for 24 hr. The relative surviving fractions of LEC rat cells were slightly, but significantly, lower than those of WKAH rat cells at each concentration of wortmannin. When the wortmannin-treated WKAH rat cells were X-irradiated, the relative surviving fractions decreased in a wortmannin concentration-dependent manner. On the contrary, no significant difference was observed between the survival curves of untreated and wortmannin-treated LEC rat cells after X-irradiation.-KEY WORDS: DNA-dependent protein kinase, LEC rat cell, wortmannin.
DNA-PK in the repair process of PLD remains unclear. Recently, we showed that the slow repair of PLD occurred in LEC rat cells, but not the fast repair of PLD, and that the high radiosensitivity of LEC rat cells may be associated with a deficiency in the fast repair of PLD [21] . However, whether the lack of fast repair of PLD is associated with an abnormality of DNA-PK in LEC rat cells remains unknown.
Wortmannin, a radiation sensitizer, is a fungal metabolite that was originally known as a specific inhibitor of phosphatidylinositol-3-kinase (PI3K) [1] . PI3K is fully inhibited by wortmannin at submicromolar concentrations. At high concentrations, wortmannin affects several other kinases, including DNA-PK, which belongs to the PI3K family [28, 29] . DNA-PK has been considered to be a prime candidate for the radiosensitizing effect of wortmannin [3, 19, 25] , since the inhibition of DNA-PK activity by wortmannin in vivo was found to be correlated with radiosensitization [5, 28] and wortmannin has been shown to inhibit DSBs rejoining [3, 19] .
In the present study, we examined the effect of wortmannin on cellular survival following X-irradiation, and we found that wortmannin enhanced the radiosensitivity of WKAH rat cells but not that of LEC rat cells.
Rat fibroblast cell lines were established and cultivated as described previously [10] .
Wortmannin (Sigma Chemical Co.) was dissolved in dimethyl sulfoxide (DMSO), so that after its addition to cells the final concentration of DMSO was < 0.5%. Final concentrations of DMSO in the medium were equal in control and wortmannin-treated cell populations. Small aliquots of a stock solution (10 mM) of wortmannin in DMSO were stored at 20°C and shielded from room light. For an assay of cytotoxicity of wortmannin, cells were exposed to wortmannin at 37°C for 24 hr at concentrations ranging from 10 to 50 µM. After treatment with wortmannin, the cells were washed twice with phosphate-buffered saline (PBS), pH 7.2, and the growth In humans, there are several syndromes such as ataxia telangiectasia (AT) with enhanced sensitivity to some chemical and physical genotoxic agents, including ionizing radiation [24] . These disorders are frequently associated with increased spontaneous and induced chromosome aberrations [6, 16, 36] , and a genetic predisposition to cancer [12, 27, 32] . The cells from AT patients are hypersensitve to ionizing radiation [33] and also characterized by radioresistant DNA synthesis [23] . AT cells show an abnormality of many or all of the transient cell cycle arrests that occur in normal cells following ionizing radiation [2, 17, 31] . Therefore, study of the enhanced sensitivity to ionizing radiation has brought light to some of the biological processes involved in DNA metabolism, such as repair, replication and cell cycle regulation.
LEC strain rats have been established at the Center for Experimental Plants and Animals, Hokkaido University [30] . Rats of this strain suffered from spontaneous fulminant hepatitis associated with severe jaundice at about 4 months of age. Other characteristics of LEC rats are a high incidence of spontaneous liver cancer in long-surviving individuals [35] and an increased sensitivity in vivo and in vitro to ionizing radiation [7, 8, 10] . We have reported that the hypersensitivity of LEC rats to whole-body irradiation is mainly controlled by a single autosomal recessive gene, xhs [9] , and that LEC rat cells show high rates of Xirradiation-induced chromosome aberrations [22] , and the abnormality of transient cell cycle arrest after X-irradiation [11] . Thus, LEC rat cells display characteristics similar to those of AT cells.
Although ionizing radiation produces a variety of lesions in DNA, double-strand breaks (DSBs) seem to be most responsible for radiation-induced cell death [18] . The important role of DSBs repair is suggested in the fixation of potentially lethal damage (PLD) [13] . It has been shown that DNA-dependent protein kinase (DNA-PK) plays an important role in the repair of DSBs [15, 20] , but the role of medium was added to the cells. After the cells were incubated for 1 week, the dishes were methanol-fixed and stained with May-Grünwald and Giemsa. Colonies containing more than 50 cells were counted as survivors under a dissecting microscope.
X-irradiation was carried out using a Hitachi MBR-1520R X-ray generator operated at 150 kV and 15 mA with a 0.5 mm Cu + 1.0 mm Al filter at a dose rate of 0.95 Gy/min. Wortmannin was added to the cells at least 15 min before irradiation, and the cells were incubated at 37°C. After irradiation, the cells were washed twice with PBS, and the growth medium was added. Colony assay was carried out as described above.
When WKAH rat cells were incubated in the presence of wortmannin at concentrations ranging from 10 to 30 µM for 24 hr, no significant decrease in the relative surviving fraction was observed (Fig. 1) . At 50 µM, the relative surviving fraction was arround 90% of that of untreated cells. In the case of LEC rat cells, the relative surviving fractions were slightly, but significantly, lower than those of WKAH rat cells at each concentration of wortmannin except 50 µM.
When WKAH rat cells were treated with wortmannin at concentrations of 20 and 30 µM for 15 min, and exposed to X-rays, the surviving fractions decreased, compared with those of untreated cells (Fig. 2) . The degree of decrease in the relative surviving fractions was dependent on the concentration of wortmannin (Fig. 1) . On the contrary, no significant difference was observed between the survival curves of untreated and wortmannin-treated LEC rat cells (Fig. 2) . Cytotoxicity was not observed by the treatment of both LEC and WKAH rat cells with wortmannin for short period (data not shown). Furthermore, there was no significant difference between the relative surviving fractions of wortmannin-treated LEC rat cells that had been irradiated and those that had not been irradiated (Fig. 1) . These results showed that wortmannin enhanced the radiosensitivity of WKAH rat cells but not that of LEC rat cells. Wortmannin also enhanced the radiosensitivity of primary fibroblasts from WKAH rats but not that of primary LEC rat fibroblasts (data not shown).
The mechanism of the radiosensitizing effect of wortmannin is thought to be complex, since wortmannin affects several other PI3K-related kinases. The PI3K-related kinases include rad3 and Ers1p, which are targets of rapamycin kinases (TOR protein), ATM (mutated in ataxia telangiectasia), and ATR (ataxia telangiectasia and rad3-related) [14] . Since ATM and ATR proteins seem to be associated with a cellular response to DNA damage [4, 29] , the possibility that the inhibition of other proteins by wortmannin affects the radiosensitivity of WKAH rat cells can not be excluded. However, it has been reported that TOR protein is not involved in regulation of radiosensitivity, because rapamycin does not sensitize cells to radiation [28] . Inhibition of PI3K is also not likely to potentiate cellular radiosensitization since PI3K is inhibited at nanomolar concentrations of wortmannin [1] , and radiation sensitization is not seen at concentrations of wortmannin lower than 2 µM [28] . Similarly, inhibition of ATR may not be a contributory factor, because wortmannin inhibits ATR at concentrations that are much higher than that required for radiation sensitization [29] . Furthermore, ATM may not be involved in the radiosensitization by wortmannin, because wortmannin enhances the radiosensitivity of AT cells [5] . Thus, DNA-PK has been considered to be a prime candidate for the radiosensitizing effect of wortmannin [3, 19, 25] . Therefore, the enhancement of radiosesitivity of WKAH rat cells is considered to be attributable to the inhibition of DNA-PK by wortmannin. On the contrary, wortmannin did not enhance the radiosensitivity of LEC rat cells. These results suggest that there may be some abnormalities in DNA-PK activity in LEC rat cells.
PLD is a form of cellular damage that is made by incubation of cells under various conditions after exposure to ionizing radiation and that is normally repaired [13] . There are at least two different forms of PLD repair, one with fast kinetics and another with slow kinetics [20, 34] . We have previously shown that the repair process of DNA DSBs induced by X-irradiation is slower in LEC rat cells than in WKAH rat cells [9] , and that the slow but not the fast repair of PLD occurred in LEC rat cells [21] . The important role of DSBs repair is suggested in the fixation of the fast form of PLD. The xrs-5 cells, a DSBs repairdeficient mutant line derived from CHO cells, showed a lack of fast repair of PLD [20] . Although scid mice cells show a hyperradiosensitivity, a reduced level of DSBs repair, and a deficiency of DNA-PK, the fast repair of PLD occurred in the scid mice cells [15] . Furthermore, controversial results have been reported concerning the repairability of DSBs and the occurrence of the fast repair of PLD in AT cells [26, 34] . Thus, although the relationships among fast repair of PLD, DNA-PK activity, and repair of DSBs remain unclear, the present and previous results suggest that there may be some abnormalities in DNA-PK activity in LEC rat cells, resulting in the deficiencies in repair of DSBs [9] and in fast repair of PLD [21] , and a lack of the radiosensitizing effect of wortmannin. Although there is no significant difference between the total cellular activities of DNA-PK in WKAH and LEC rat cells [21] , our preliminary results showed an abnormal intracellular localization of DNA-PK activity in LEC rat cells after X-irradiation. A study of the molecular characterization of DNA-PK in LEC rat cells is now in progress. The reason why unirradiated LEC rat cells showed a slightly higher sensitivity than did unirradiated WKAH rat cells to the treatment with wortmannin at concentrations from 10 to 40 µM for 24 hr remains unclear. LEC rats could provide a useful animal model for contributing to an understanding the mechanisms of syndromes with enhanced sensitivity to ionizing radiation, and study of the sensitivity and cellular response of LEC rat cells to ionizing radiation may clarify some of the biological processes involved in the repair process of radiation-induced DNA DSBs and PLD.
